. IL-6 activates serum and glucocorticoid kinase via p38␣ mitogen-activated protein kinase pathway.
SERUM AND glucocorticoid-inducible kinase (SGK) is a serine/ threonine kinase that is highly expressed in the liver and mediates cell survival in response to diverse environmental stresses (28) . SGK is a member of the AGC subfamily that includes cAMP and the cGMP-dependent kinases PKC and Akt (2, 13, 31, 44) . Although it was initially identified as being under acute transcriptional control by serum and glucocorticoids, SGK has subsequently been shown to be stimulated by diverse stimuli, such as osmotic and oxidative stress, growth factors, or hormones (1, 5, 28, 30, 32, 46) . Stimulation of SGK can occur in response to cell surface nuclear receptors and intracellular stress pathways. Furthermore, SGK can be regulated at multiple levels, including transcriptional regulation, modulation of enzymatic activity, and subcellular localization. The diversity of stimulatory mechanisms and complexity of regulation of SGK support a role for SGK as an intracellular modulator of cellular responses to distinctive environmental signals. Several different biological functions have been described in response to SGK signaling, including cell survival, proliferation, and osmoregulation (8, 13, 47) . Survival signaling by SGK has been shown to involve downstream phosphorylation of Bad as well as the forkhead transcription factor FKHRL1 (FOXO-3) transcriptional factors (4) . These two SGK substrates are also involved in survival signaling by the closely related kinase Akt.
Interleukin-6 (IL-6) is a multifunctional cytokine that mediates diverse tissue responses in response to environmental stimuli (21) . The expression of IL-6 is increased during infection, trauma, or cellular stresses. In addition to a major role in host cell defense and the regulation of inflammatory responses, IL-6 signaling pathways have been shown to contribute to tumor progression in epithelial (e.g., cholangiocarcinoma) as well as hematopoeitic (e.g., multiple myeloma) human tumors (41) . These may involve IL-6 effects on either cell proliferation or cell survival. Cell survival resulting from inhibition of apoptosis by IL-6 has also been described in several settings (6, 17, 29) . Although signaling pathways mediating proliferative responses by IL-6 are well characterized, signaling for cell survival remains poorly understood (20, 21) . The activation of cell survival signaling can promote tumor growth by providing neoplastic cells with the ability to survive under adverse environmental conditions such as limited growth factor availability or during treatment with cytotoxic drugs.
The p38 mitogen-activated protein kinase (MAPK), like SGK, acts as a critical intracellular regulator of environmental changes. The p38 MAPK pathway can be activated by heat shock, bacterial lipopolysaccharide, inflammatory cytokines, UV radiation, or hormones and is an important signal transduction mechanism mediating cellular responses to environmental changes. Activation of p38 MAPK has diverse downstream signaling effects, including cell cycle progression, apoptosis, differentiation, and cellular inflammatory responses (33) . Several lines of evidence support a critical role of p38 MAPK signaling in IL-6-mediated signaling during growth of human tumors. IL-6 is an autocrine factor involved in human cholangiocarcinoma growth (34) . We have shown that IL-6 stimulation activates the p38 MAPK in malignant but not in nonmalignant biliary tract epithelia (35, 37) . Furthermore, we have also demonstrated that inhibition of p38 MAPK signaling reduces anchorage-independent growth in vitro and decreases xenograft growth in immunodeficient mice (42, 49) . In addition, p38 MAPK signaling activates a dominant cell survival pathway in response to double-stranded RNA, a potent inducer of IL-6 expression (43) . These observations suggest that IL-6 may promote cell survival by p38 MAPK-dependent pathways. However, the downstream mediators of survival signaling by p38 MAPK are poorly characterized. Our results show that IL-6 can regulate SGK by multiple p38 MAPK-dependent mechanisms, including regulation of transcriptional expression as well as phosphorylation of SGK at the Ser 78 residue. Furthermore, regulation of SGK involves constitutive p38 MAPK activity. Several distinct isoforms of p38 MAPK, p38-␣, -␤, -␥, and -␦ have been identified in mammalian cells. Although these isoforms have 60 -70% identity, there is considerable overlap in their substrate specificities in vitro. Our studies show that SGK regulation by IL-6 specifically involves the p38␣ isoforms. In addition, chemotherapeutic drug toxicity in malignant biliary epithelial cells is increased in cells in which SGK expression is reduced. Taken together, these results suggest that survival signaling by IL-6 may involve transcriptional as well as posttranslational regulation of the survival kinase SGK via a p38 MAPK-dependent pathway.
MATERIALS AND METHODS

Reagents and plasmids.
Recombinant human IL-6 was purchased from Biosource International (Camarillo, CA). Wortmannin, LY-294002, SB-203580, and SB-202190 were obtained from Calbiochem (La Jolla, CA). The FLAG-tagged wild-type and dominant negative forms (AF or KM) of human p38␣, p38␤, p38␥, and p38␦ were generated as previously described (15, 16, 22, 23, 38) . The AFs are p38 mutants that cannot be phosphorylated because the TGY dual phosphorylation site has been changed to AGF, whereas the kinasedead KM mutants were generated by a mutation of the ATP-binding site Lys to Met (K to M). Rabbit polyclonal antibodies against p38␣, p38␤, p38␥, p38␦, and peroxidase-conjugated anti-rabbit and antimouse secondary antibodies were obtained from Santa Cruz Biotechnology (Santa Cruz, CA). Rabbit polyclonal antibodies against total SGK, phospho-SGK (Ser 78 ), total p38 MAPK, and mouse monoclonal phospho-p38 (Thr 180 /Tyr 182 ) antibodies were from Cell Signaling (Beverly, MA). Phospho-SGK (Thr 256 ) antibody was purchased from Upstate Biotechnology (Lake Placid, NY). Rabbit polyclonal antibodies against SGK-2 and SGK-3 were obtained from Abgent (San Diego, CA). Monoclonal ␣-tubulin, ␤-actin, and anti-FLAG antibodies were obtained from Sigma (St. Louis, MO).
Cell lines and cultures. Malignant human cholangiocarcinoma cell lines KMCH-1 and Mz-ChA-1 were obtained as previously described (42, 43) . KMCH-1 cells were cultured in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum, and Mz-ChA-1 cells were cultured in CMRL 1066 medium with 10% fetal bovine serum, 1% L-glutamine, and 1% antimycotic antibiotic mix. Cell culture media and supplements were obtained from Invitrogen (St. Louis, MO) unless otherwise noted. Cells were cultured in 100-mm plates and used when 75-80% confluent. Cell lines overexpressing IL-6 for xenograft studies were obtained from Mz-ChA-1 cells stably transfected with the pTarget (Promega, Madison, WI) expression plasmid containing full-length IL-6 under the control of a cytomegalovirus (CMV) promoter and selected by growth in medium containing G418. These cell lines were designated as Mz-IL-6, and empty vector controls cells were designated as Mz-1, respectively, and comprised a mixed population of stable transfectants without isolation of specific clones. For studies involving IL-6, cells were serum starved for 12 h before being stimulated with IL-6. For inhibitor studies, cells were preincubated with inhibitors 1 h before the addition of IL-6, except for studies with phosphatidylinositol 3-kinase (PI3-kinase) inhibitors, which were preincubated for 2 h.
Transient transfections. Cells (2 ϫ 10 6 ) were plated in 100-mm dishes in culture media for 24 h. The media were then replaced, and plasmids were transfected in serum-free media using 15-18 g of plasmid DNA per dish and TransIT-LT1 transfection reagent (Mirus, Madison, WI). After 4 -6 h, the media were replaced with regular media containing 10% serum and the cells were incubated for 48 h before study.
Construction of recombinant adenoviruses encoding wild-type and mutant p38␣. The recombinant adenoviruses encoding the wild-type and mutant p38␣ were produced according to the method of He et al. (19) with some modifications. Briefly, the FLAG-tagged wild-type and mutant human p38␣ cDNAs were cloned into the shuttle vector pAdTrack-CMV, linearized, and cotransformed into Escherichia coli BJ5183 cells along with the adenoviral backbone vector pAdEasy-1. Recombinants were selected for kanamycin resistance and confirmed with the use of restriction endonuclease analyses. Finally, the linearized recombinant plasmid was transfected into an adenovirus packaging cell line: human embryonic kidney-293 cells. Recombinant adenoviruses were collected 10 -14 days after infection and were concentrated using a CsCl gradient. The shuttle vector pAdTrack-CMV also encodes green fluorescent protein (GFP) driven by a separate CMV promoter, and thus the titers of the viral stocks were estimated by counting GFP-expressing cells. An adenovirus-expressing GFP tag (AdGFP) under the control of a separate CMV promoter, which was a gift from Dr. Kim Heidenreich (Dept. of Pharmacology, University of Colorado HSC, Denver, CO), was used as a control.
Preparation of nuclear and cytoplasmic extracts. Nuclear and cytoplasmic fractions were obtained using the NE-PER extraction kit (Pierce, Rockford, IL) according to the manufacturer's instructions. Protein concentrations in nuclear and cytoplasmic fractions were determined using the Bradford method, and reagents were obtained from Bio-Rad (Hercules, CA).
Immunoprecipitation and in vitro kinase assay. KMCH cells were stimulated with IL-6 in the presence or absence of p38 MAPK inhibitors. Cells were placed on ice and extracted with lysis buffer containing 50 mM ␤-glycerophosphate, pH 7.3, 1.5 mM EDTA, 1 mM EGTA, 1 mM DTT, and phosphatase inhibitor cocktails I and II (Sigma). Lysates were centrifuged for 15 min at 12,000 g, and SGK was immunoprecipitated from 150 g of cell extract using anti-SGK monoclonal antibody (Cell Signaling, Beverly, MA) and the Seize immunoprecipitation kit (Pierce, Rockford, IL). In vitro kinase assays were then performed using the SGK kinase assay kit (StressGen, Vancouver, BC, Canada).
Western blot analysis. After treatment, confluent cell monolayers in 100-mm dishes were washed twice with ice-cold phosphate-buffered saline and lysed by incubation for 20 min in 1 ml of ice-cold cell lysis buffer (1% Nonidet P-40, 50 mM HEPES, pH 7.4, 150 mM NaCl, 2 mM EDTA, 2 mM phenylmethylsulfonyl fluoride, 1 mM sodium vanadate, 1 mM sodium fluoride, and 1ϫ protease mixture) and stored at Ϫ70°C. Protein concentrations were measured using a Bradford protein assay kit (Bio-Rad). Equivalent amounts of protein were resolved and mixed with 6ϫ SDS-PAGE sample buffer and then subjected to SDS-PAGE in a 4 -20% linear gradient Tris ⅐ HCl-ready gel (Bio-Rad). The resolved proteins were transferred to nitrocellulose membranes. The membranes were blocked with 5% nonfat dry milk (except for phospho-SGK and p38 Western blots, in which 5% bovine serum albumin was used) in Tris-buffered saline, pH 7.4, containing 0.05% Tween 20, and were incubated with primary antibodies and horseradish peroxidase-conjugated secondary antibodies according to the manufacturer's instructions. The protein of interest was visualized with enhanced chemiluminescence (Amersham Biosciences) and a charge-coupled device camera-based imager (ChemiImager 4000, Alpha Innotech, San Leandro, CA) and quantitated using NIH Image software.
Isolation of RNA and real-time PCR quantification. RNA was isolated using an RNA isolation kit (Bio-Rad), and reverse transcription was performed using 1 g of total RNA and the reverse transcription kit (Invitrogen) as described by the manufacturer. To measure the mRNA levels of SGK, quantitative real-time PCR was performed on a MX 3000P real-time PCR Instrument (Stratagene, San Diego, CA) using the resulting total cDNA. The mRNA level of ␤-actin was used as a control. For the quantitative SYBR Green real-time PCR, 100 ng of cDNA was used per reaction. Each 20-l SYBR Green reaction consisted of 2 l of cDNA (50 ng/l), 10 l of 2ϫ Universal SYBR Green PCR Master Mix (Sigma), and 2 l of 20 nM forward and reverse primers. Optimization was performed for each gene-specific primer prior to the experiment to confirm that primer concentrations and reaction conditions did not produce artificial amplification signals in the no-template control tubes. Primer sequences were designed using Primer Express software (PerkinElmer Life Sciences) and were as follows: SGK forward, CCT TGT GGA TAT GCT GTG TGA ACC G; SGK reverse, 5Ј-TGG GGC ATT GGT CCA TAA AAA CC-3Ј; IL-6 forward, 5Ј-GCA GAA TGA GAT GAG TTG TC-3Ј; IL-6 reverse, 5Ј-GCC TTC GGT CCA GTT GCC TT-3Ј; ␤-actin forward, 5Ј-CCA AGG CCA ACC GCG AGA AGA TGA C-3Ј; and ␤-actin reverse, 5Ј-AGG GTA CAT GGT GGT GCC GCC AGA C-3Ј. PCR parameters were as follows: 10 min at 95°C and then 40 cycles of 30 s at 95°C, 1 min at 68°C, and 1 min at 72°C. Specificity of the produced amplification product was confirmed by melting curve analysis of the reaction products using SYBR Green as well as by visualization on ethidium bromide-stained 1.8% agarose gels to confirm a single band of the expected size. Each sample was tested in triplicate with quantitative real-time PCR, and samples obtained from at least three independent experiments were used for calculation. Threshold values were determined for each sampleprimer pair, and means Ϯ SD values were calculated. SGK or IL-6 mRNA expression was normalized against ␤-actin expression.
Nude mouse xenograft model. Eight-week-old male athymic nu/nu mice were obtained from Charles River Laboratories (Wilmington, MA) and fed food and water ad libitum. The mice were housed 4 per cage, and fluorescent light was controlled to provide alternate light and dark cycles of 12 h each. The animals received a subcutaneous injection of either Mz-1 or Mz-IL-6 cells (3 ϫ 10 6 viable cells suspended on 0.5 ml of extracellular matrix gel) on their right flanks. Tumor volume was estimated by serial measurements obtained twice per week. The xenografts were excised. Tissue was divided and homogenized to obtain cell lysates or used for extraction of nuclear proteins or mRNA isolation. Animal protocols were approved by the Institutional Animal Care and Use Committee.
RNA interference. RNA interference for gene silencing was performed using small interfering 21-nucleotide double-stranded RNA (siRNA) molecules. SiRNA specific for SGK and control siRNA were obtained from Ambion (Austin, TX). KMCH cells were transfected as previously described (49) . Briefly, 0.1 g of siRNA was mixed with 6 l of transfection agent (TransIt TKO, Mirus, Madison, WI), and the mixture was incubated in 1 ml of medium at room temperature for 15-20 min before being added to cultured cells grown to 50 -60% confluence for 48 h. The efficacy of gene silencing was assessed by immunoblot analysis.
Cytotoxicity assay. Transfected cells were seeded into 96-well plates (10,000 viable cells/well) and incubated with gemcitabine, 5-fluorouracil, or appropriate diluent controls in a final volume of 200-l medium. After 24 h, cell viability was assessed using a commercially available tetrazolium bioreduction assay for viable cells (CellTiter 96 AQ; Promega, Madison, WI), and cytotoxicity was assessed as previously described (43) .
Statistical analysis. Data are expressed as the means Ϯ SE from at least three separate experiments performed in triplicate, unless otherwise noted. The differences between groups were analyzed using a double-sided Student's t-test when only two groups were present. Statistical significance was considered to be P Ͻ 0.05. Statistical analyses were performed with the GB-STAT statistical software program (Dynamic Microsystems, Silver Spring, MD).
RESULTS
Involvement of p38 MAPK in IL-6 activation of SGK.
Activation of intracellular kinase signaling pathways after IL-6 receptor ligation can mediate survival signaling in human cholangiocarcinoma cells. We have previously shown that IL-6 activates the p38 MAPK signaling pathway. Because of the established role of SGK as a survival kinase, we evaluated the role of SGK as a downstream substrate of p38 MAPK signaling by IL-6. We began by assessing the temporal relationship between p38 MAPK and SGK phosphorylation by IL-6 stimulation. After incubation with 10 ng/ml IL-6, p38 MAPK was rapidly activated. Phosphorylation at the Thr 180 /Tyr 182 sites of p38 MAPK was observed as early as 5 min after stimulation of KMCH cells with IL-6 ( Fig. 1, A and B) . In contrast, phosphorylation of SGK became detectable after 20 -30 min. Similar results were also observed in Mz-ChA-1 cells, derived from metastatic gallbladder cancer. IL-6 stimulated SGK phosphorylation at Ser 78 after 30 min, whereas the activation of p38 MAP kinase was also detectable at 5 min (Fig. 1, C and D) . Thus phosphorylation of p38 MAPK precedes that of SGK after stimulation by IL-6. In KMCH malignant cholangiocytes, p38 MAPK is predominantly located in the cytoplasm and translocates to the nucleus in response to stimuli that activate p38 MAPK. Phosphorylation of p38 MAPK was rapidly followed by translocation of p38 MAPK to the nucleus, which occurred within 10 min and preceded nuclear translocation of SGK ( Fig. 2A) .
To further examine the relationship between activation of SGK by IL-6 and p38 MAPK activation, we used SB-203580, a pyridinyl imidazole compound that inhibits the catalytic activity of p38 MAPK. Treatment with SB-203580 reduced SGK phosphorylation by IL-6 (Fig. 2B) . A similar reduction in SGK phosphorylation at Ser 78 by IL-6 was observed in the presence of SB-202190, which is pharmacologically distinct from SB-203580. Previous studies (10) have demonstrated that both SB-203580 and SB-202190 are highly selective against p38 MAPK and have minimal effects on SGK activity or many other kinase activities. Indeed, incubation with SB-203580 decreased SGK activity after IL-6 stimulation (Fig. 2C) . In combination, these findings suggest that activation of p38 MAPK may result in SGK activation and that SGK may be a downstream target substrate of p38 MAPK activation by IL-6.
IL-6-dependent SGK Ser 78 phosphorylation is PI3-kinase independent. IL-6 receptor ligation results in the activation of several intracellular signaling pathways, such as JAK-STAT, ERK, p38 MAPK, and PI3-kinase pathways (20) . Our studies with pharmacological inhibitors indicated that PI3-kinase or p38 MAPK pathways can mediate the survival effect of IL-6 (data not shown). Thus SGK activation by IL-6 may involve signaling by activation of PI3-kinase signaling. The mechanism of SGK activation by PI3-kinase signaling involves reversible phosphorylation at the Thr 256 site in the activation loop of SGK (36 (Fig. 3) . Furthermore, the increased translocation of SGK to the nucleus after IL-6 treatment was not substantially reduced by either wortmannin or by LY-294002, two specific inhibitors of PI3-kinase, even when used at relatively high concentrations (Fig. 3B) . Similarly, translocation of p38 MAPK to the nucleus and reduction of SGK levels in the cytoplasm was not affected by wortmannin (data not shown). Taken together, these observations place SGK phosphorylation downstream of p38 MAPK following IL-6 stimulation in a pathway distinct from PI3-kinase signaling.
p38 MAPK isoform-specific activation of SGK by IL-6. To further examine p38 MAPK signaling in SGK activation by IL-6, we began by assessing the involvement and role of the specific p38 MAPK isoforms involved. First, we assessed the expression of p38 isoforms in KMCH and Mz-ChA-1 cells by performing immunoblot analysis using isoform-specific antibodies. The cell lines differed in the specific p38 MAPK isoforms expressed (Fig. 4A ). p38␣ (38 kDa) and p38␦ (39 kDa) were expressed in both cell lines, whereas p38␤ (40 kDa) was expressed in Mz-ChA-1 cells only. However, p38␥ was not expressed in either cell line. The isoforms migrated differently on SDS-PAGE due to their different molecular weights. The higher levels of p38␣ expression relative to that of the other isoforms in both cell lines indicated that p38␣ is the predominant p38 MAPK isoform expressed in these cells. Next, we evaluated the individual roles of each p38 MAPK isoform in the signal transduction pathways leading to SGK activation. Cells were transfected with dominant negative (kinase inactive) p38 isoforms, and their effects on SGK phosphorylation after stimulation with IL-6 was assessed. The isoform-specific constructs used for these studies either lack the dual phosphorylation residue TGY (AF mutants) or have an inactive ATP-binding site (KM mutants). A p38 isoformspecific effect on IL-6-induced SGK activity was observed (Fig. 4B) . Transfection of dominant negative p38␣, but not p38␤, p38␥, or p38␦, decreased the IL-6-dependent SGK phosphorylation at the Ser 78 site (Fig. 4B) as well as nuclear translocation (Fig. 4C) . Although phosphorylation at the Thr 256 site was also observed in response to IL-6 stimulation, expression of the dominant negative p38 isoforms did not have a significant effect on phosphorylation at this site. These studies support the presence of both a p38␣-dependent pathway involving phosphorylation at Ser 78 , as well as a p38 MAPK independent pathway involving phosphorylation at Thr 256 during activation of SGK by IL-6.
Overexpression of p38␣ MAPK increases SGK expression and phosphorylation at Ser 78 . To more directly assess the role of the p38␣ isoform in activation of SGK, we overexpressed p38␣ using an adenoviral construct and examined the effect on SGK phosphorylation. Adenoviral delivery of p38␣ resulted in a robust increase in total p38 MAPK levels (Fig. 5A ). An increase in p38␣ MAPK correlated with increased phosphorylation at SGK Ser 78 , suggesting that SGK phosphorylation at Ser 78 involves constitutive expression of the p38␣ MAPK. Next, we examined the time course of SGK expression and phosphorylation after infection of KMCH with adenoviral constructs expressing p38␣. Increased phosphorylation of SGK at Ser 78 but not at the Thr 256 site was detectable after 48 h. Interestingly, in addition to inducing SGK phosphorylation, overexpression of p38␣ caused an increase in the level of total SGK expression. An increase in p38 MAPK expression was seen by 24 h and preceded the increase in SGK expression observed at 36 h (Fig. 5, B and C) . The increased p38 levels resulted in a significant increase in p38 MAPK and SGK nuclear translocation (Fig. 6A) , suggesting an increase in constitutively active p38 MAPK and SGK. As shown in Fig. 6 , B A and B) and Mz-ChA-1 (C and D) were serum starved for 12 h before incubation with 10 ng/ml IL-6. At the indicated times, cell lysates were prepared and analyzed by immunoblotting with the use of a Thr 180 /Tyr 182 phospho-specific p38 MAPK antibody (P-p38). The blot was stripped and reprobed with antibodies specific for phospho-Ser 78 and phosphorylation siteindependent SGK (Total SGK). In both KMCH and Mz-ChA-1 cells, p38 MAPK phosphorylation occurred within 5 min of stimulation with IL-6 and preceded increases in SGK phosphorylation, which were first detected 20 -30 min after stimulation.
and C, and consistent with the idea that SGK is a downstream target of p38 MAPK after IL-6 stimulation, overexpression of p38␣ caused an increase in SGK phosphorylation at Ser 78 . Adenoviral delivery of DN-p38␣, on the other hand, which would be expected to inhibit p38 MAP kinase activity, showed reduced SGK Ser 78 phosphorylation compared with control cells that overexpressed GFP (Fig. 6B) . Similar effects of overexpression of p38␣ on SGK Ser 78 phosphorylation were also observed in Mz-ChA-1 cells (Fig. 6C) . Furthermore, total SGK expression correlated with p38␣ expression and was reduced to a level slightly below that seen in GFP-expressing cells by dominant negative (kinase dead) p38␣ (Fig. 6 , B and C). SGK generally refers to SGK-1, one of three closely related members of the SGK gene family (24) . The transcriptional regulation of the other two closely related isoforms, SGK-2 and SGK-3 remains poorly understood. We assessed the expression of the SGK-1, SGK-2, and SGK-3 isoforms by immunoblot analysis using isoform-specific antibodies. In contrast to SGK-1, neither IL-6 stimulation nor p38␣ overexpression altered SGK-2 or SGK-3 expression in cell lysates obtained after incubation with 0 or 10 ng/ml IL-6 for 6 h or in Fig. 2 . IL-6-induced SGK activation is p38 MAPK dependent. A: KMCH cells were incubated with 10 ng/ml IL-6 for various time periods (time 0-60 min). At the indicated times, the cells were lysed, and nuclear extracts obtained as described in MATERIALS AND METHODS. Immunoblot analysis was performed using antibodies specific for p38 MAPK or SGK. An increase in nuclear expression of p38 MAPK occurs rapidly and within a few minutes after stimulation with IL-6, whereas the increase in nuclear SGK expression occurs later. A representative immunoblot from 3 separate experiments is shown. B: IL-6-induced SGK phosphorylation at Ser 78 is blocked by p38 MAPK inhibitors. KMCH cells were grown to near-confluence and serum starved for 12 h. Cells were preincubated with the p38 MAPK inhibitors SB-203580 and SB-202190 at the indicated concentrations for 1 h before stimulation with IL-6 (10 ng/ml) for 40 min. Immunoblot analysis was performed using SGK Ser 78 and Thr 256 phosphorylation site-specific antibodies and then stripped and reprobed with phosphorylation state-independent antibodies to SGK (total SGK) or ␣-tubulin, used as a loading control. IL-6-dependent phosphorylation at SGK Ser 78 was reduced to basal levels by preincubation with either p38 MAPK inhibitor. A representative immunoblot from 3 separate experiments is illustrated. C: IL-6-induced SGK activation is blocked by p38 MAPK inhibitor. KMCH cells were grown to near-confluence and serum starved for 12 h. Cells were preincubated with the p38 MAPK inhibitor SB-203580 (10 M) for 1 h before stimulation with IL-6 (10 ng/ml) for 40 min. SGK activity was assessed after immunoprecipitating SGK from cell lysates prepared from the cells treated as described above. Bars show means Ϯ SE of at least 3 experiments. *P Ͻ 0.01 when compared with control group. #P Ͻ 0.01 when compared with IL-6-treated group. Identical results were obtained with LY-294002 (100 M) and lower concentrations of wortmannin (100 -500 nM) (not shown). B: KMCH cells were incubated with IL-6 (10 ng/ml) in the presence or absence of 500 nM wortmannin or 50 M LY-294002. At the indicated times, nuclear extracts were obtained as described in MATERIALS AND METHODS. Immunoblot analysis was performed using SGK Ser 78 and Thr 256 phosphorylation site-specific and total SGK antibodies. Nuclear expression of total SGK and SGK Ser 78 , indicating phosphorylation site-specific activation and translocation of SGK, occurred despite inhibition of PI3-kinase. cells infected with adenoviral constructs expressing p38␣ or GFP (controls) for 48 h.
Upregulation of SGK mRNA expression by IL-6 and/or p38␣ MAPK stimulation. To further examine the effects of p38␣ overexpression on total SGK protein expression, we performed real-time PCR to quantitate alterations in SGK transcript levels. Overexpression of p38␣ caused a concentration-dependent increase in SGK mRNA, supporting a direct transcriptional rather than posttranslational mechanism for increased SGK protein expression after overexpression of p38␣ (Fig. 7, A and  B) . On the basis of these observations, we postulated that transcriptional upregulation of SGK may represent an additional mechanism involved in survival signaling by IL-6. To further examine the mechanism, we quantitated alterations in transcript levels with IL-6 stimulation. Basal levels of SGK mRNA were detectable by quantitative real-time PCR and increased in a concentration-dependent manner after treatment with IL-6 (Fig. 7C) . A profound induction of mRNA was observed, with a remarkable Ͼ4-fold induction with IL-6 (10 ng/ml) after 6 h. The mRNA levels of ␤-actin were nearly identical in all of these samples, indicating the specificity of the response. These quantitative real-time PCR data demonstrate, for the first time, concentration-dependent transcriptional regulation of SGK by IL-6 stimulation as well as by p38␣ overexpression. Furthermore, the increased SGK mRNA expression correlated well with total SGK protein expression assessed by immunoblot analysis (Fig. 7D) . The rapidity of the transcriptional response suggests that SGK expression may mediate the survival effects of IL-6. To establish whether IL-6 induces SGK mRNA by altering transcription or by altering mRNA stability, the expression of SGK was assessed in the presence of the transcriptional inhibitor actinomycin D. First, we assessed the effect of preincubation with actinomycin D on SGK mRNA expression induced by IL-6 or by p38␣ overexpression. The increase in SGK mRNA in response to either IL-6 stimulation or enforced expression of p38␣ was blocked in the presence of actinomycin D. Next, we assessed the time course of SGK mRNA expression in the presence of actinomycin D and did not observe any significant effect on the rate of loss of SGK mRNA levels. Thus IL-6 increases SGK mRNA by a transcriptional mechanism and does not alter SGK mRNA stability.
SGK expression is increased after enforced expression of IL-6 in vivo.
To determine whether IL-6 can modulate SGK in vivo, we performed studies in which Mz-ChA-1 human cholangiocarcinoma cells were stably transfected to produce cells overexpressing IL-6 (Mz-IL-6) compared with controls (Mz-1). The effect of enforced IL-6 expression was then assessed in xenograft studies in immunodeficient mice. Consistent with its role as a potential autocrine promoter of tumor growth, xenograft growth and chemoresistance were increased in xenografts of cells overexpressing IL-6 compared with controls (data not shown). Expression of phospho-SGK or p38 MAPK was significantly increased in homogenates from IL-6-overexpressing g) was separated by SDS-PAGE, and the membrane was stripped and reprobed with antibodies specific for p38␣-, -␤, -␥, or -␦ MAPK isoforms, or for ␤-actin used as a loading control. The results are representative of 3 separate experiments. KMCH cells were transfected with FLAG-tagged, isoform-specific, dominant negative p38 MAPK or LacZ-expressing control plasmids as described in MATERIALS AND METHODS. After 48 h, cells were stimulated with 10 ng/ml IL-6 for 40 min. Cells were lysed, and an aliquot of the whole cell lysate was used for Western blot analysis, whereas nuclear extracts were obtained from the remainder. B: SGK expression in nuclear extracts was identified using an antibody against SGK. A representative immunoblot of three separate studies is shown. Dominant negative p38␣ decreases nuclear translocation of SGK. C: immunoblot analysis of whole cell lysate using an antibody against phospho-Ser 78 SGK. The same blot was reprobed with specific antibodies against phospho-Thr 256 SGK, p38␣ MAPK, FLAG, and ␣-tubulin. Expression of dominant negative (DN) constructs was confirmed using anti-FLAG antibodies. D: expression of phospho-Ser 78 SGK was normalized to ␣-tubulin and quantitated with the use of NIH Image software. The means Ϯ SD of densitrometric analysis from 3 separate determinations are shown. Dominant negative p38␣ selectively decreases phosphorylation at Ser 78 . *P Ͻ 0.05, compared with LacZ control group. #P Ͻ 0.05, compared with IL-6-treated LacZ group.
tumor cell xenografts compared with controls (Fig. 8) . Similarly, there was an increase in constitutive expression in nuclear extracts, consistent with an increased nuclear translocation, and a 2.8-fold increase in SGK expression following enforced expression of IL-6 in vivo. These observations indicate that overexpression of IL-6 increases SGK expression and basal phosphorylation in vivo.
SGK mediates resistance to chemotherapy. Activation of survival signaling can result in increased resistance to cytotoxic drugs. To assess the functional role of modulation of SGK expression, siRNA to SGK was used to reduce cellular SGK expression. Compared with a control siRNA, siRNA to SGK increased cell viability during incubation with the chemotherapeutic agents gemcitabine or 5-fluorouracil (Fig. 9) . Because IL-6 decreases the sensitivity of malignant cholangiocarcinoma cells to chemotherapy, these results support a role for the modulation of SGK expression in mediating the cytoprotective effects of IL-6.
DISCUSSION
In addition to a well-characterized role as a mediator of the cellular response to inflammation and regulator of hepatic growth and regeneration, IL-6 plays a central role as an autocrine regulator of tumor growth in some human cancers. Survival signaling by IL-6 may contribute to these effects. In the present study, we have investigated the mechanisms by which IL-6 activated intracellular signaling regulates the survival kinase SGK. These studies show that 1) IL-6 activates SGK in cholangiocarcinoma cells, 2) p38␣ MAPK is necessary for SGK activation by IL-6, and 3) overexpression of p38␣ MAPK is sufficient for regulation of SGK transcription and plaque-forming units (PFU)/ml of adenovirus encoding p38␣ MAPK cDNA. Whole cell lysates were prepared 48 h after infection and assessed by immunoblot analysis with a Ser 78 phospho-specific SGK antibody. The blots were stripped and reprobed with phospho-specific antibodies against Thr 256 SGK or phosphorylation state independent antibodies to SGK (Total SGK), p38 MAPK, and ␣-tubulin (loading control). SGK phosphorylation at Ser 78 but not at Thr 256 increased proportionally to p38 MAPK expression. B: representative blot. C: means Ϯ SD from 3 separate experiments. In B and C, cell lysates were obtained at various time points after infection as indicated above the lanes. Immunoblot analysis was performed using Ser 78 or Thr 256 phosphospecific SGK antibodies. The blot was stripped and reprobed with an antibody against total SGK, p38␣ MAPK, and ␣-tubulin. Increased p38␣ expression was seen within 24 h, whereas SGK expression was evident only 36 h after infection. An increase in Ser 78 but not Thr 256 phosphorylation was observed after 48 h. Fig. 6 . Correlation between p38␣ expression and SGK. A: KMCH cells were infected with 5 ϫ 10 6 PFU/ml adenoviral (Adv)-p38␣ or Adv-green fluorescent protein (GFP) (controls). Nuclear extracts were prepared after 24 or 48 h, and immunoblot analysis was performed using specific antibodies to p38 MAPK or SGK. KMCH cells (B) or Mz-ChA-1 cells (C) were infected with Adv constructs encoding GFP, p38␣, or DNp38␣. Whole cell lysates were prepared 48 h after infection and assessed by performing immunoblot analysis using a Ser 78 phospho-specific SGK antibody. The blots were stripped and reprobed with phosphorylation state-independent antibodies to SGK (total SGK), p38 MAPK, and ␣-tubulin (loading control).
phosphorylation at the Ser 78 residue. p38 MAPK regulation of SGK has been reported in response to environmental changes such as in human hepatoma cells during cell shrinkage (1, 45) . However, the present studies are the first to demonstrate the specific role of the p38␣ isoform in SGK activation by IL-6 and the first to show that p38␣ MAPK expression is sufficient for SGK activation. These studies define SGK as both a downstream kinase substrate and a transcriptionally regulated gene product of p38 MAPK signaling in response to IL-6.
Although it was initially identified as being under acute transcriptional control by serum and glucocorticoids, SGK has subsequently been shown to be stimulated by diverse stimuli such as osmotic and oxidative stress, growth factors, or hormones (1, 5, 28, 30, 32, 46) . In contrast to that of most protein kinases, the regulation of SGK is complex and can occur at multiple levels involving transcriptional control, subcellular localization, and posttranslational modifications involving kinase phosphorylation/dephosphorylation (see Ref. 13 for review). These mechanisms are differentially regulated in a cell-type and stimulus-specific manner. The presence of multiple regulatory mechanisms for SGK activation suggests that this kinase acts as a common downstream integrator of the Fig. 7 . Overexpression of p38␣ increases SGK mRNA expression. A and B: KMCH cells were infected with Adv-p38␣ constructs at the indicated viral titers. After 48 h, total RNA was isolated and reverse transcribed to obtain cDNA. SGK mRNA expression was quantitated by real-time PCR and expressed relative to ␤-actin mRNA expression concurrently assessed in the same samples. Overexpression of p38␣ increased SGK mRNA expression in a concentration-dependent manner. The PCR products were verified by agarose gel electrophoresis of the PCR product, as well as by melting curve analysis (not shown). The graph in A depicts the means Ϯ SD from 3 separate experiments, whereas a single representative gel is shown in B. C: KMCH cells grown to near-confluence were serum starved for 12 h. Cells were then stimulated for 6 h with IL-6 at the concentrations indicated. Total RNA was isolated and cDNA was generated after reverse transcription. The expression of SGK and ␤-actin mRNA was quantitated by real-time RT-PCR. SGK mRNA expression is depicted relative to ␤-actin. Results represent means Ϯ SD of 4 experiments. D: cell lysates were obtained from KMCH cells stimulated with IL-6 as above. Total protein (50 g) was subjected to gel electrophoresis and immunoblotting using polyclonal anti-SGK antibody; the blots were then stripped and reprobed with antitubulin as a loading control. A representative immunoblot of 4 experiments is shown at right. IL-6 increased SGK mRNA and protein expression in a concentration-dependent manner. E: IL-6-and p38␣-dependent increase of SGK expression is transcriptionally mediated. KMCH cells were infected with adenoviral-GFP or p38␣ constructs. After 24 h, by which time p38␣ had been expressed (Fig. 5B) , 5 M actinomycin D was added for another 24 h. The adenoviral-GFP-infected cells were then treated with or without IL-6 (10 ng/ml) for 6 h, after which total RNA was isolated, cDNA was generated, and the expression of SGK and ␤-actin mRNA was quantitated by real-time RT-PCR. *P Ͻ 0.05 compared with GFP group. #P Ͻ 0.05 compared with control group in the absence of actinomycin D. F: IL-6 does not alter the stability of SGK mRNA. KMCH cells were incubated with 5 M actinomycin D in the presence or absence of 10 ng/ml IL-6. At each time point, total cellular RNA was isolated, and real-time PCR for SGK mRNA was performed. The means Ϯ SD of the percentage of basal SGK mRNA expression from three individual experiments are shown. Differences between the groups were not significant (P Ͼ 0.05).
response to diverse stimuli and signaling cascades. The activation of SGK by IL-6 and p38 MAPK activation involves phosphorylation at the Ser 78 residue in preference to classical SGK phosphorylation sites at Thr 256 or Ser 422 (36) . Although Ser 78 is not located within the catalytic domain, SGK activation has been shown to occur following phosphorylation at this site by BMK1, a member of the MAP kinase family (18) . Unlike Thr 256 , the Ser 78 site is not phosphorylated by members of the 3-phosphoinositide-dependent kinase family. The presence of PI3-kinase-independent mechanisms has been described previously for SGK activation under specific conditions such as by cell detachment, but the precise nature was not defined (40) . Although p38␣ MAPK dependent phosphorylation at Ser 78 residue occurs independently of the PI3-kinase pathway, our studies do not exclude an additional contribution of this or other p38 MAPK-independent signaling pathways during SGK activation by IL-6. Indeed, our studies indicate that IL-6 can phosphorylate the Thr 256 site independent of p38 MAPK activation. Taken together, these observations indicate that SGK activation by IL-6 can occur via temporally separated mechanisms involving activation by different signaling cascades, phosphorylation at different sites, and transcriptional regulation. Concomitant activation of stimulus-dependent signaling cascades can activate different intracellular pathways that act in concert and converge onto SGK. Upstream regulators of SGK can thereby provide the mechanism for stimulus specificity by which SGK coordinates specific cellular responses. Thus SGK is well positioned to act as a central integration point of the cellular survival response to diverse physiological or pathophysiological stimuli mediated by either the p38 MAPK or the PI3-kinase pathways.
These studies identify SGK as a downstream target kinase for p38␣. Many substrates of p38 MAPK are themselves serine/threonine kinases. These include the MAPK-activated protein kinases (MK) such as MK2 and MK3, the p38-regulated and -activated protein kinases or MK5, the MAPK kinase-interacting kinases 1 and 2 (MNK-1 and MNK-2), and the mitogen-and stress-activated kinases 1 and 2. Downstream kinases can mediate physiologically relevant effects of p38 MAPK signaling as demonstrated in MK2-knockout mice, Fig. 8 . SGK expression is increased after enforced expression of IL-6 in vivo. MzChA-1 cells were stably transfected with full-length IL-6 to generate Mz-IL-6 cells, which overexpressed IL-6 compared with their Mz-1 controls. Cells (3 ϫ 10 6 ) were injected subcutaneously into the flank of athymic BALB/c mice. A: Western blot analysis was performed in cell lysates from tumor cell xenografts using antibodies to phospho-p38 MAP kinase, phospho-SGK, total SGK, and tubulin. A representative panel is shown. B: the expression of phospho-p38 and SGK expression was normalized to ␣-tubulin and quantitated using NIH Image software (n ϭ 4). Overexpression of IL-6 is associated with increased expression of SGK in vivo. C: nuclear extracts were obtained from xenograft lysates, and nuclear expression of p38 MAPK and SGK expression was assessed. Nuclear expression of both p38 MAP kinase and SGK was increased in Mz-IL-6 xenografts. D: RNA was extracted from xenograft tissues and IL-6 and SGK mRNA expression was assessed by quantitative realtime PCR. IL-6 and SGK mRNA expression was normalized to ␤-actin mRNA expression. The data represents results from 3 experiments performed in triplicate. Fig. 9 . siRNA to SGK increases cytotoxicity. KMCH cells were transfected with siRNA to SGK or to a control siRNA for 48 h. SGK expression after transfection was assessed by immunoblot analysis. An immunoblot of SGK expression in cells transfected with the siRNA to SGK or control siRNA is shown in the inset. The media were changed, and cells were plated (10,000/ well) in 96-well plates and incubated with 10 M gemcitabine (Gem) or 10 M 5-fluorouracil (5-FU) or their respective diluent controls. Cytotoxicity was assessed after 24 h using a viable cell assay. Cytotoxicity in cells treated with each drug is expressed relative to that observed in untreated (diluent only) controls. An increased drug-induced cytotoxicity was observed in cells transfected with siRNA to SGK compared with control siRNA. Results are means Ϯ SE of 6 studies (SE in each case was Ͻ1%). *P Ͻ 0.01 compared with the siRNA control group. which are able to resist stress and survive endotoxin-induced septic shock (26) . Transcriptional regulation of SGK expression by p38 MAPK provides an additional level of regulation of SGK by p38 MAPK. Several transcription factors have been identified as direct targets of the p38 MAPK signaling. These include activating transcription factor 2, CHOP/GADD153, and myocyte enhancer factor 2. Additional studies will be required to identify specific transcriptional factors involved in regulation of SGK expression by p38 MAPK. Because of the common responses to environmental stresses described for both p38 MAPK and SGK as well as the multiple mechanisms by which p38 MAPK can regulate SGK expression, it seems probable that the p38 MAPK/SGK axis is a critical mediator of the cellular response to perturbations in the extracellular environment.
Unlike most other kinases involved in p38 MAPK signaling, SGK is regulated transcriptionally as well as posttranslationally, raising the intriguing possibility that SGK may serve to amplify specific stress responses after p38 MAPK activation. Recently, the mitogen-activated protein kinase kinase kinase 3 (MEKK3) has been shown to be a target substrate for SGK (7) . MEKK3 lies upstream of mitogen-activated protein kinase kinase (MKK) 3 and 6, which are activators of p38 MAPK signaling. This raises the possibility of feedback loops involving the p38 MAPK-SGK axis with the potential for selflimiting the activation cascade independent of phosphatase activity by inhibition of an upstream activator.
Considerable similarity exists in the mechanisms of activation and downstream effects of SGK and Akt. Both Akt and SGK can be activated by growth factors in a PI3-kinasedependent manner. The preponderance of available evidence shows that Akt and SGK constitute major cell survival pathways. Furthermore, several identical downstream targets of Akt, such as Bad and FOXO-3, are also downstream substrates for SGK. These observations suggest that SGK and Akt may act in an analogous fashion to promote cellular survival. While unique functions for SGK have been reported, these may not directly mediate cell survival (39) . However, the cell and stimulus specificity of activation of survival signaling by Akt and SGK are undefined. We have observed a lack of Akt activation by IL-6 and the inability of dominant negative Akt to ameliorate the survival effects of IL-6 in cholangiocarcinoma cells (data not shown). These observations support the primary involvement of SGK during survival signaling by IL-6.
IL-6 increases resistance of cholangiocarcinoma cells to undergo apoptosis in response to chemotherapeutic agents, such as gemcitabine or 5-fluorouracil (48) . Indeed, production of IL-6 has been correlated with induction of drug resistance in several tumors such as myeloma, lung, breast, ovarian, prostate, and colorectal cancer (3, 9, 11, 14, 25, 41) . High levels of IL-6 are produced by multidrug-resistant cancer cells, whereas some cancer cells that are sensitive to drug treatment do not express IL-6 (9). In human hepatoma cells, endogenous production of IL-6 can confer resistance to chemotherapy through induction of multidrug-resistant protein (27) . Furthermore, anti-IL-6 has been shown to restore the ability of hematopoietic K562 mutant cells to undergo chemotherapy-induced apoptosis (12) . It is therefore noteworthy that manipulation of SGK expression by siRNA can also modulate cellular responses to chemotherapeutic agents. Thus our observations identify SGK as a functionally relevant intermediate in survival signaling by IL-6 and implicate the p38 MAPK-SGK signaling axis in IL-6-induced chemoresistance.
IL-6 is an autocrine factor important in the growth of several tumors such as cholangiocarcinoma and selectively activates p38 MAPK signaling in malignant cholangiocarcinoma cells. We propose that dysregulation of p38 MAPK/SGK-mediated signaling in tumor cells permits the survival of transformed cells under otherwise adverse environmental conditions, such as exposure to chemotherapeutic drugs or to hypoxia or under growth-factor limited conditions. Additional studies to assess the contribution of SGK in biliary tract tumorigenesis and transformed cell behavior are warranted.
